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Introduction
The ratio of stable oxygen isotopes in carbonate minerals is now widely used to estimate paleotemperatures (Faure, 1986 ) based on the temperaturedependent fractionation relationship of those isotopes in carbonates (Urey, 1947) . Oxygen isotopic compositions in aragonite of fish otoliths are stable records of environmental conditions during the life stages of the fish (Devereaux, 1967; Degens et al., 1969; Radtke, 1984a, b; Radtke, 1987; Radtke, 1989; Kalish, 1991a, b; Patterson et al., 1993) . Otoliths are accretionary structures in fish ears; each fish possesses three pairs, the largest are usually 2-10mm long and almond shaped. Aragonite is accreted in daily growth bands in the first several years of the fish's life (Panella, 1971; Brothers et al., 1976) . Seasonal differences in growth rate are recorded as textural and compositional differences (Gauldie, 1993) that enable recognition of events in the life history of the fish (Campana, 1989; Bagenal, 1974) . Seasonal variations in isotopic composition can be measured in microsamples of aragonite milled from individual growth bands. Carbonate isotopic composition can be used to determine temperature if (a) the isotopic composition of the water and (b) the temperature fractionation relationship are known.
Previous continental paleoclimatic work has been hindered by inability to quantify isotopic compositions of ancient hydrologic systems, inapplicability of equations calibrated to other carbonates, and suspicion that biological fractionation factors might be species-specific (Radtke, 1984a) . We attempt to solve these problems in two ways: (a) Paleo-compositions of oxygen isotopes in certain lake waters can be calculated if the paleotemperature is known for a key, stenothermic species, in this case, deepwater sculpins. (b) Studies of modern deepwater sculpins in lakes with known isotopic composition and hypolimnion temperatures, coupled with laboratory experiments in which fish were raised at known temperatures and isotopic compositions, have enabled refinement of the fractionation factor in the temperature equation and identification of minimal variance due to biotic effects, at least in many common families of freshwater fishes (Patterson et al., 1993) . Fossil aragonite that has not been altered to calcite is assumed to retain the original oxygen isotopic signal, supplying a recoverable record of temperatures in different seasons of growth during ancient times.
Seasonality is an element of paleoclimate with special significance to the survival and distribution of organisms (Axelrod, 1967; Graham and Meade, 1987) . The seasonal distributions of heat and moisture are therefore extremely important to paleobiological and paleoclimatic studies. However, because seasonality is usually reconstructed indirectly from taxon distributional data, results are subject to the criticism that evolution of tolerance would lead to errors in interpretation. Therefore, an independent source of information about summer and winter temperatures is necessary. Oxygen isotopic composition of otolith aragonite provides the opportunity to test seasonality hypotheses inferred from faunal and floral data.
The example explored here is based on the fish fauna (Smith et al., 1982) of lacustrine beds of Miocene and Pliocene age in southwestern Idaho (Malde and Powers, 1962) . The early Pliocene fauna, especially, shows a disharmonious composite assemblage consisting of warmwater sunfish, catfish, and minnows with coldwater trout, whitefish, and sculpins. Hibbard (1960) proposed equable late Tertiary climates based on disharmonious faunas. His evidence depended on the demonstration that in North America, the southern ranges of cold-adapted animals are often limited by summer heat and the northern ranges of warmadapted animals are determined by severity of winters. Therefore the disharmonious composite of warm-and cold-limited animals suggests a climate with cooler summers but a longer growing season (milder winters) than at present. In the present study, the seasonal isotopic variations in the otolith aragonite of a sunfish are compared with the faunal interpretations and support the conclusion that Miocene as well as early and middle Pliocene climates on the Snake River Plain were more equable than subsequent climates.
Methods
Data for this study come from two sources: (1) Distribution of Miocene and Pliocene fishes compared with the distribution of their recent relatives, and (2) Oxygen isotopic composition of fish otoliths and bones. Fossils from the Miocene Chalk Hills Formation and the Pliocene Glenns Ferry Formation were collected by University of Michigan geologists and paleontologists working on the Snake River Plain in Owyhee and Elmore counties in southwestern Idaho and Malheur County, Oregon (Kimmel, 1982; Smith et al., 1982) . Lacustrine facies of the Chalk Hills and Glenns Ferry formations each record the existence of a lake basin about the size of present-day Lake Ontario. The lakes that occupied this basin were interrupted by a low-stand hiatus from about 5.9 Ma to about 3.3 Ma, at least on the basin margin (Kimmel, 1982) . The lakes were a part of an Intermountain Great Lakes system seen in a Tertiary and Quaternary sedimentary record in California, Oregon, Washington, Idaho, Utah, and Nevada, from the Cascades on the west to the Wasatch mountains on the east (King, 1878; Smith, 1978; Gustaffson, 1978; Cole and Armentrout, 1979) .
Paleontology
Twenty-five species lineages of fishes from the Glenns Ferry and Chalk Hills formations represent a sample with greater species diversity of cold-and warm-dependent elements than in any western North American lake today (Smith, 1978 (Smith, , 1981 . This diversity includes many lineages whose modern North American distributions relative to temperature are well known (Radforth, 1944; LaRivers, 1962; Scott and Crossman, 1973; Trautman, 1981; Moyle, 1976; Lee et al., 1980) . The general assumption on which this study is based is that known temperature limits of modern descendants or close relatives of fossil fishes allow us to infer temperatures where the fossil forms lived. More specifically, the inferences are limited to the aspects of seasonal temperature that are known to exert the most powerful limitations on growth (Brett, 1979) and survival, especially during early life history (Blaxter, 1974) . We will focus on the limiting factors operating at the northern borders of warmwater fish ranges and the southern borders of coldwater fish ranges in western North America.
The southern distributional limits of coldwater fishes--sculpins, trout, and whitefish--are determined by hot summer extremes. There is an upper temperature above which the metabolic rate (in cal./mass/hour) exceeds the rate at which nutrients are processed. (Certain coldwater fishes survive hot atmospheric temperatures in the cold hypolimnion of lakes, but the colonization of those lakes must have been through shallow connections, so they are subject to, and evidence for, the limits imposed by regional climate.)
The northern limits of warmwater fishes--catfish and sunfish--are determined by the length of the growing season, or conversely, limited by the length of winters. Warmwater fishes in temperate climates can tolerate temperatures close to 0°C for several months. These species do, however, require a growing season long enough and warm enough (measured in degree days) to reach sufficient size, with sufficient stored reserves, to survive through the winter into the next growing season. Upon maturity, female fish require a growing season sufficient to produce hundreds to thousands of eggs for spawning the following spring.
Presence of both coldwater and warmwater species together indicates equable temperatures--in this case, cool summers and long frost-free seasons. Extinction of both coldwater and warmwater species from southwestern Idaho near the end of the Pliocene indicates increased seasonality (decreased equability) as glacial climate approached.
Correlations between distributional limits and temperature isotherms have been used to identify and quantify the limiting temperature parameters (Radforth, 1944) . It is now apparent that this kind of faunal evidence is applicable to ancient climates only when it can be demonstrated that the temperature requirements for a fossil species apply to the whole clade including its recent relatives. That is, if all of the known members of a natural group are restricted to certain temperature conditions, then a fossil member can be inferred, by parsimony, to possess the group's temperature tolerance. This can be demonstrated for sculpins and salmonids, all of which live in coldwater (Fig. 1) , and for sunfish and catfish, all of which live in warmwater (Fig. 2) . In the present study, measurement of oxygen isotopic composition of calcium carbonate from fossil forms is used to test the hypothesis that Pliocene sunfish and sculpins preferred temperatures similar to those preferred by their recent relatives.
To test the equability hypothesis, we sampled seasonal growth bands from an otolith of a shallow, inshore species--Archoplites taylori, the Lake . Distributional limits of trout and whitefish, family Salmonidae, and sculpins, family Cottidae, in North America, relative to isopleths for summer maximum temperature. Black represents the approximate outline of Lake Idaho. The shaded area is occupied by one or more members of the three coldwater families. The dark line is the isopleth for 30 days per year with temperatures higher than 32°C. The coldwater fishes are usually excluded from areas experiencing more than 30 hot days.
Idaho sister species of the Sacramento sunfish. The otolith was collected from the littoral facies of the Glenns Ferry Formation at the Sand Point locality, 2.8 km SE Hammett, Elmore Co., Idaho, at 850 m elevation. We drilled approximately 25 tag of powder from each of 32 growth rings representing the first 3 years of the fish's life (Table 3 , Fig. 3 ). These samples represented different intervals of time, depending on the growth rate--probably times as short as two weeks during the summer to perhaps as long as 6 months during the winter. The fish was about 12 years old, but because growth rates decline with maturity ( Fig. 3) , later years offered less material to sample and our sample sizes would have given us average temper- atures for longer periods of the fish's life, causing higher errors in measures of seasonal extremes.
The winter sample does not estimate the minimum winter temperature precisely, because if the temperature reached freezing, it was lower than the fish's metabolically active range and therefore below its growth limits. LaRivers (1962) reported that most specimens in a midwinter sample of Archoplites interruptus in Walker Lake, Nevada,
were not feeding at 10°C, so we assume that to be near the minimum active metabolic temperature. Spawning temperatures for this species are 21-29°C (McCarraher and Gregory, 1970) , which indicates that the recordable temperature range for Archoplites otoliths is conservatively expected to be at least 19°C.
Isotope geochemistry
The fractionation factor, c~, is inversely proportional to the temperature at which the carbonate was precipitated. This dictates that relatively more 180 is incorporated in aragonite at lower temperatures. The literature contains a diversity of temperature fractionation relationships for calculating paleotemperatures from carbonates. Modifications of equations based on a variety of systems (e.g., Epstein et al., 1953; Horibe and Oba, 1972; Grossman and Ku, 1986) are not applicable to freshwater fish (Patterson et al., 1993) . In order to develop and apply an empirical equation which describes the isotopic fractionation relationship between fish otolith aragonite and water over a range of earth surface temperatures, experimental evidence was required. Data on oxygen isotopic compositions of otoliths grown at known temperatures were coupled with the measured isotopic compositions of the waters in which they grew, to empirically determine c~ for otolith aragonite. By combining data from laboratory experiments with data from several lakes, Patterson et al. (1993) showed that the linear relation of e to temperature can be represented by the least squares fit of 103 In :~ relative to T-1 K, or, 103 In a= 18.56 (_0.319)(103)T 1K -33.49 (+0.307) Using the above equation, the oxygen isotopic composition of ancient large-lake systems can be calculated from carbonate precipitated at equilibrium, if the temperature of precipitation is known. The hypolimnion of deep temperate lakes is stable at 3.5-4.0°C, the temperature at which fresh water is most dense (Hutchinson, 1957) . All deep northern lakes are inhabited by obligate, benthic, coldwater organisms, such as deepwater sculpins (fishes of the genus Myoxocephalus). The temperature at which carbonate was precipitated by those organisms is assumed to have been near 4°C, based on their occurrence in the hypolimnion of the Laurentian Great Lakes (Scott and Crossman, 1972; Patterson et al., 1993) . Lake Idaho has an exceptionally rich sculpin fauna of seven species, including two species of deepwater sculpins in the known from deep to moderate depths, range from 51sO = -11.4 to -15.6%o. Their inferred depth gradient corresponds well with that predicted from sedimentary evidence (Smith, 1987) . Knowing that deepwater sculpins precipitate carbonate with 5180 of -12.1%o PDB at a temperature of 4°C we calculate the isotopic composition of the lake to be 6180 = -15.5%o SMOW. Because the lake is large and dimictic, we assume thorough mixing of the water column, with respect to isotopic composition. If this assumption is correct, the estimated value for the water enables calculation of the seasonal temperature estimates from aragonite accreted in the otolith growth bands of the sunfish.
Isotopic analysis of individual growth rings is conducted on microsamples of 10 30 ~tg of aragonite, milled from the growth lines of a sectioned and polished sagitta otolith using a drill bit over a motorized, computer-controlled micropositioning stage (Patterson et al., 1993) . The sample powders were roasted at 200°C in vacuo to remove volatile organic material and reacted at 73°C with anhydrous phosphoric acid in a Finnigan "Kiel" carbonate preparation system coupled to a Finnigan MAT 251 ratio mass spectrometer. Isotopic data were corrected for acid fractionation and contribution of 170 and reported in per rail (%0) relative to the PDB standard. Calibration was monitored and standardized to within 0.1% by daily analysis of NBS-18 and NBS-19 powdered carbonate.
Results

Seasonality inferred from faunal distributions Limitation by length of the growing season
Warmwater fishes are abundant in the Miocene and Pliocene faunas of southwest Idaho (Fig. 1 , on the Snake River Plain at about 1.7-2 Ma. The sunfish became extinct first, the catfish became extinct after a period of stunted growth, and the minnow became locally extinct after surviving in floodplain ponds following drainage of the lake (Smith et al., 1982; Smith, in prep.) . Relatives of the native sunfish and minnow are now limited, in the west, to lower elevations in the Sacramento Valley, where the frost-free period is at least 150-250 days. Introduced catfish and sunfish are also present in the Sacramento River as well as in the Snake River and other warm waters in the west (Fig. 1) 
Limitation by extreme summer heat
The coldwater fishes of the Pliocene Glenns Ferry Formation--sculpins, trout, and whitefish--reach their southern limits at high elevations in mountains of the west and in colder, deeper waters of the Laurentian Great Lakes (Fig. 2, Table 2 ). The deepwater sculpin requires temperatures near about 4°C; 12-14°C is lethal to them. The ranges of the trout, whitefish, and sculpins are characterized by cool summers. The normal average daily atmospheric temperatures of the hottest month are 22°C, with fewer than 10 days per year above 32°C for the range of Myoxocephalus and usually fewer than 30 days over 32°C for the ranges of trout (Oncorhynchus), whitefish (Prosopium), and sculpins (Cottus). Presently the daily temperatures on the Snake River Plain during August average 22°C, but there are more than 30 days/yr over 32°C (U.S. Dep. Commerce, Climatic Atlas of the U.S., 1968).
The whitefish and sculpins were absent from the system throughout most of the warmer Miocene, but became common after colonizing the lake in the early Pliocene. This colonization required two conditions, one or both of which possibly changed at that time: (1) Dispersal routes from the north and (2) cooler summers. At least two species of sculpins, one species of whitefish, and one Great Basin sucker (Chasmistes) colonized the lake at the beginning of the Pliocene. The sculpins occupied deepwater and would find a hypolimnion habitat at the temperature of the winter season. The whitefish was not a deepwater fish; its fossil remains are found most commonly in littoral sediments of the Glenns Ferry Formation. At least five additional species of sculpins came into existence in the lake during the Pliocene (Smith, 1987) , but became extinct on the Snake River Plain when the lake became shallow at about 2 Ma (Smith et al., 1982; Othberg, 1986) . Assuming that hot Kerocottus (5 sp.) Extinct summers directly limit southern range of coldwater fishes by raising their metabolism to lethal limits, the presence of diverse coldwater fishes indicates absence of high temperatures in the lake and in connecting habitats used for immigration into the lake (Table 2) .
Isotopic evidence for amplitude of seasonality
Microsamples of seasonal growth bands in an
Archoplites otolith from late in the Glenns Ferry Formation yields oxygen isotopic ratios that provide a calculated temperature range from 10°C for winter growth to 25°C during summer growth (Table 3 , Fig. 4 ). This sunfish is one of the warmwater fishes in the Glenns Ferry and Chalk Hills faunas. It inhabited the shallow littoral zone of Lake Idaho, so it provides our best estimate of atmospheric climate outside the lake. The lower limit of the temperatures measured (10°C) is an underestimate of the atmospheric minimum. We are measuring the growth temperatures for
Archoplites, which probably did not extend below about 10°C (LaRivers, 1962) . Furthermore, the amplitude of atmospheric temperature variations would have been reduced by the mass of water in the large lake. For example, in western Lake Erie, the average surface temperature of the lake frequently reaches the monthly average air temperature (22°C) in August (Wright, 1955 8 OsMow-J OeDB*l.03+30.9
is longer than 150 days, and in geothermally heated waters. These species require long growing seasons (150-250 frost-free days). The Pliocene sunfish grew to much larger size than its Recent relative (Smith, 1975) , Fig. 4 . Seasonal variation in surface-water temperatures calculated from oxygen isotopic analyses of aragonite from an otolith of an Archoplites taylori (sunfish) from the Pliocene Glenns Ferry Formation. The dots and line depict temperatures calculated using a water composition of -15.5%o SMOW. The vertical bars indicate temperatures calculated using -15.0%o and -16.0%o SMOW as estimates of isotopic composition of the water. Calculated summer maximum temperatures are as high as 25°C. Diagenetic alteration of the otolith at approximately 1.2 mm from the initial path resulted in loss of the record of seasonal temperatures for later years of the fish's life (see Table 3 ).
Long growing seasons on the Miocene and Pliocene Snake River Plain are also indicated by the high growth rates of catfish (Principe, 1977) and salmonids (Smith, 1991, in prep.) . Supporting data for equable climates come from the Pliocene Glenns Ferry mammal fauna, which includes warm-climate mammals such as Felis lacustris, hyaenid, Megalonix ground sloth, peccary, and three species of camels (Hibbard, 1972) . Evidence for cool summers is based on the early Pliocene colonization of the lake by a coldwater fish fauna of six species of sculpins, a species of whitefish, and a species of trout. This assemblage, by analogy with its modern relatives, required summers cooler than those on the Snake River Plain at present. These species indicate that the number of summer days with temperatures higher than 34°C were fewer than 10 then, as contrasted with more than 30 now, even though the July mean temperature was probably the same, about 21C (then and now), and even though the mean annual temperature was higher then, probably I I°C then vs. 8'~C now. One species of sculpin (Cottus) was present in the late Pliocene Grand View Fauna (Smith et al., 1982) , but the coldwater forms were absent from other late Pliocene fish faunas on the Snake River Plain (Smith, in prep.) . Whitefish, trout, salmon, and three species of sculpins inhabit cold tributaries to the Snake River today. Supporting data for cooler summers on the Pliocene Snake River Plain include five species of shrews, representing a cool-climate mammalian fauna (Hibbard, 1972) .
Sympatry of Arctic fishes unable to tolerate hot summers and southern fishes requiring long growing seasons supports the equability hypothesis: The Pliocene lake existed in a climate with cooler summers and milder winters than at present, until about 2 Ma.
Seasonal temperature variation was examined by measuring the isotopic composition of growth rings of a Pliocene sunfish and calculating seasonal temperatures at which it grew. Calculated peak summer growth temperature for this fish is approximately 25°C. (Monthly summer maxima average about 24°C on the Snake River Plain at present.) The average temperature for the late fall, winter, and early spring did not extend below 10~'C, as recorded by the sunfish. But, the presence of deepwater sculpins indicates water temperatures as low as 0 4°C; therefore, atmospheric extremes sufficient to cool the lake waters reached at least as low as 0 4°C. The October to March period averages near 0°C on the Snake River Plain today.
For further comparison, otolith growth bands of a Lake Erie drum (a fish of similar temperature range) show temperature curves ranging between 10°C and 24°C. The temperature ranges measured from littoral zone fish from each lake are 15°C in Lake Idaho and 14°C in Lake Erie, in contrast with a range of about 24~'C for water on the Snake River Plain today.
The fauna as well as the isotopic evidence suggest that the best modern analog to the Pliocene Snake River Plain may be the northern Sacramento Valley -where the seasonal temperature range is the same as that estimated for the Pliocene Snake River Plain (0-21°C). We therefore suggest that there is faunal and isotopic support for an equability hypothesis that Lake Idaho summers were cool and winters were mild, as in the upper Sacramento River Valley.
Precipitation~evaporation
The presence of a large lake required that the basin receive precipitation and runoff in excess of evaporation and discharge from the lake. A corollary to the equability hypothesis is that low evaporation would be enhanced by cool summers.
The widespread, homogeneous fauna of the lacustrine part of the Pliocene Glenns Ferry Formation indicates a lake the size of Lake Ontario; this conclusion is supported by laterally widespread, correlated transgressive beach deposits, overlying deep lacustrine deposits, and terminal regressive markers, associated with the fish fauna from an 850 m low stand to a 1120 m high stand elevation, from near Hagerman, Idaho, to Willow Creek, Oregon.
The widespread, homogeneous, but different, lacustrine fauna of the Miocene Chalk Hills Formation also indicates a large lake. This fish fauna contained no sculpins and no whitefish, but more abundant sunfish and catfish, indicating warmer winters and longer growing seasons than in the Pliocene or Recent. Chalk Hills lake deposits are 100 m lower in elevation than the Glenns Ferry high stand. The Lake was smaller, but is recorded from near Bruneau, Idaho, to Vale, Oregon (Kimmel, 1982) .
The presence of a large lake would have caused a more equable local climate than would exist without the lake. Furthermore, an equable climate would have contributed to the existence of the lakes, because hot summers and excessive evaporation desiccate lakes as in the Holocene history of the Great Basin. The causal cycle involving decreased seasonality and the maintenance of a large lake is a positive feedback system in which the large area of surface water lowers regional temperature, which decreases evaporation. These facts require an attempt to differentiate between lake effects on atmospheric temperatures and atmospheric effects on the lake temperature. It is possible that the presence of the lake would be sufficient to yield the seasonal temperatures indicated by the faunal and isotopic evidence. Warmwater sunfish and catfish and coldwater salmonids and sculpins live (at different depths) in Lakes Michigan, Huron, and Ontario, for example (Bailey and Smith, 1981 ). Yet the terrestrial climate of the Great Lakes region is not equable today. (Catfish and sunfish are much less abundant in the upper Great Lakes than in Lake Idaho.) The coldand warm-water inhabitants simply required sequential cold glacial and warm post-glacial periods to enable their separate colonization of the Great Lakes. There was no comparable glacial climate to permit early Pliocene colonization of the Snake River Plain. Immigration of sculpins and whitefish from the northern North America to southwest Idaho required routes of permanently cool water provided either by high mountains or absence of hot summers.
We assume that an excess of precipitation over evaporation in the drainage basin is necessary to maintain large, permanent lakes for long periods. The position of the lake in southwest Idaho, 600 km from the Pacific coast, implies limited precipation, perhaps like northern Idaho today, unless the Cascade rainshadow effect was much smaller. Miocene algal carbonate (Straccia et al., 1990 ) and Pliocene oolite (Swirydczuk et al., 1980) suggested evaporitic conditions (Malde and Powers, 1962), but extremely low values for 6180 (-12 to -17%o, mean= -16%o; Drummond et al., 1993 and original data) contradict this inference. Lakes with similarly depleted 180 today are cold and get depleted runoff at high latitudes or elevations. (They do not precipitate voluminous carbonates).
Condensation of rain and especially snow depletes 180 in the atmosphere, the fractionation being more extreme at the lower temperatures associated with high elevations and latitudes (Faure 1986) . Tributaries from high elevations or northern, far inland sources are consequently depleted in 180. Evaporation would enrich 1sO in the lake, making extreme negative values such as those in Table 3 unlikely (Drummond et al., 1993) . These observations support the hypothesis that the lake was not extremely evaporative at times represented by the fossils analyzed, providing a third line of evidence that the summers were cool. The lakes were probably built up and maintained in part by precipitation at high elevations in the surrounding mountain sources: The Upper Snake River in the Yellowstone area, Idaho batholith, Jarbidge Mountains, and Owyhee Mountains supplied the lakes' tributaries. Weather came from westnorthwest as today, as suggested by the increasing trend of depleted 180 from the Snake River Plain to the Camp Davis Formation (Miocene, Wyoming), which had 6180 values as low as -35%o (Drummond et al., 1993) .
Depleted 61sO values of the Miocene carbonates from Idaho and Wyoming present an unexpected topographic conflict. Isotopic values as low as 6180 = -16%o represent depletion of 180 like that of far northern lakes in Canada and high altitude lakes in Europe. Since the Pliocene latitude of the Snake River Plain was the same as today's, high elevation source waters have been proposed to explain the carbonate depleted in xsO (Drummond et al., 1993) . This places us in conflict with previous reconstructions, for example Dwight Taylor's interpretations of mollusks and Jane Gray's interpretation of the pollen record, that entail low elevations with no high mountains in the Miocene and Pliocene of the Pacific Northwest (Gray and Taylor, 1992) . High elevation source waters in the region are required to explain the depleted laO in Miocene and Pliocene carbonates in western Wyoming and southern Idaho, and would also help explain the colonization of the Snake River Plain by extreme coldwater forms in the early Pliocene.
In summary, the climate of the Snake River Plain was more equable in the Miocene and Pliocene than at present. Miocene climates were much warmer in the winter and moderately cooler in the summer. Pliocene summers experienced fewer hot summer days, possibly cooled by cold lakes and streams, but winters were warmer than those on the Snake River Plain today. It is possible that the seasonal equability of the Miocene and Pliocene derived from greater diurnal equability, which was, in turn, caused by the presence of a large, deep lake.
